The optical fibre is an essential tool for our communication infrastructure since it is the main transmission channel for optical communications. The latest major advance in optical fibre technology is spatial division multiplexing (SDM), where new fibre designs and components establish multiple co-existing data channels based on light propagation over distinct transverse optical modes. Simultaneously, there have been many recent developments in the field of quantum information processing (QIP), with novel protocols and devices in areas such as computing, communication and metrology. Here, we review recent works implementing QIP protocols with SDM optical fibres, and discuss new possibilities for manipulating quantum systems based on this technology.
Quantum information processing (QIP) is a field that has seen tremendous growth over the many years since Richard Feynman's seminal talk on the use of quantum computers to simulate physical systems [1] . When information bits are encoded on individual or entangled quantum states, a gain over traditional systems can be seen for some information processing tasks. A famous example is the well-known Shor's algorithm for prime number factorisation running on a quantum computer, where an impressive reduction in resources is obtained when compared to classical algorithms [2] . Another major application of QIP is in communication security, where the fact that unknown quantum states cannot be faithfully cloned [3] is exploited to detect the presence of an eavesdropper. This concept was used as the core foundation behind quantum key distribution (QKD), a communication protocol designed to distribute random private keys among remote parties [4, 5] . As the first application to showcase in practice the benefits of QIP, QKD has experienced huge development ever since [6] [7] [8] . QKD is part of a more general family of protocols called quantum communications (QC), which includes other schemes such as quantum teleportation and entanglement swapping [9] , aiming to be the communication backbone supporting future networks of quantum computers [10] .
During the last decades a number of technological features were developed by the telecommunication community in order to support the continuous increase in demand for more transmission bandwidth over a communication channel. These developments have been motivated by several applications that have cropped up along the years, from the internet to social networking and high-quality on-demand video streaming. Arguably the optical fibre has played a major role in the success of the telecommunication infrastructure, mainly due to its high transparency and highbandwidth support [11] . Technologies such as wavelength division multiplexing (WDM) [12] , and the erbium doped fibre amplifier (EDFA) [13, 14] have been major catalysts to the extremely high capacities and ultra-long transmission distances available today. The latest technological drive towards maintaining the bandwidth growth is called spatial division multiplexing (SDM), and it consists of employing the transverse spatial properties of a light beam to multiplex information and increase the data capacity [15] . SDM nowadays routinely allows hundreds of Tbit/s of transmission capacity [16] , ensuring that the bandwidth demand can keep growing.
In photonic QIP, different degrees-of-freedom (DOFs) of a single-photon such as polarisation, frequency and its transverse momentum, are used for encoding quantum systems of arbitrary dimension [17, 18] . Of particular interest, for instance, is the strategy that relies on encoding a quantum system in terms of the transverse optical modes available, which provides versatility to define high-dimensional Hilbert spaces [19] [20] [21] [22] [23] [24] . It has already been proven to be useful for QIP with photonic integrated circuits [17, [25] [26] [27] [28] , aimed at improving the robustness and compactness of experimental setups. However, remarkably, propagation over optical fibres for such quantum states has been a major challenge due to the fact that many optical fibres are designed to support only the fundamental gaussian propagation mode. Although multi-mode fibres exist (and have been available before single-mode fibres), they support hundreds of modes, requiring complex auxiliary optoelectronic systems to reconstruct the original phase wavefront following propagation [29] . Fortunately, SDM optical fibres and components can be used to cover this gap. In this topical review we go through the different SDM technologies, and cover a number of key experiments that have recently shown the advantages and new possibilities that this technology offers for QIP. We also discuss the integration of QIP into an SDM optical fibre-based network infrastructure. Hypothetical hybrid internet scheme where classical and quantum channels co-exist in SDM networks. The classical and quantum channels are allocated to different spatial modes in the fibres, i.e. different cores or transverse modes within the same core. Additional wavelength filtering is also used depending on spatial mode isolation. Alice may communicate to Bob through two possible routes, depending on current network availability. The blue route (going through intermediate node 1), employs multi-core fibres to distribute single-photons and classical traffic to Bob. Cross-sections show the different occupied cores along the links. As an example, two cores (painted red) are used as quantum channels. The other (salmon) route, uses few-mode fibres to send the single-photons through a quantum-teleportation based link, using the entangled photons produced at intermediate Node 2 as a resource. Here a router based on a photonic integrated chip is used to connect the entangled source to the two fibres, while allowing the classical information from Alice to pass through to Bob. Cross sections show the occupied LP11a and LP 11b transverse modes as examples. Please see the text for details. EPS: Entangled photon source; FMF: Few-mode fibre; IXP: Internet exchange point; MCF: Multi-core fibre; QN: Quantum node; ROADM: Reconfigurable optical add-drop multiplexer.
I. SDM FIBRES AND COMPONENTS FOR OPTICAL COMMUNICATIONS A. SDM fibres
A typical telecommunication optical fibre is a cylindrical dielectric silica waveguide composed of a core and the surrounding cladding, possessing extremely low losses (< 0.2 dB/km at 1550 nm) [11] . A major advance for increasing transmission capacity was achieved when multiple data channels were multiplexed using different wavelengths over a single fibre, a technique called wavelength division multiplexing (WDM) [12] . Although WDM, together with other technologies, has been incredibly successful in sustaining the internet growth, optical fibres are nevertheless reaching their maximum capacities [15] . A promising avenue to continue expanding data rates over the fibre-optical infrastructure is to explore different transverse optical modes of a light beam to multiplex data channels, thus increasing the spatial data density. This technique is the spatial analogue of WDM, and aptly named spatial division multiplexing [15] .
Any fibre that can support more than one transverse optical mode of propagation is, in principle, suitable for SDM. Different types of SDM optical fibre can be seen in Fig. 1a . The most direct approach is to embed several single-mode cores in a single fibre cladding, thus producing a multi-core fibre (MCF) [30, 31] . If the transverse core separation is larger than approximately 40 µm, the attenuation of cross-coupled optical power between the cores exceeds several tens of dBs, and thus they can be approximated as independent fibres in most applications. These fibres are referred to as weakly-coupled MCFs [31] , and the main advantage is that multiple-input multiple-output (MIMO) receivers [32] are not needed for detection of the spatial channels. The price to be paid is a lower spatial channel density, since the cladding diameter cannot be much larger than approximately 200 µm to avoid rupture due to bending [33] . Nevertheless successful results have recently been obtained for 19-core weakly-coupled MCFs [34] . In order to minimise inter-core coupling, lower refractive-index "trenches" or holes are often used around the cores (Fig. 1b) , at the once again expense of lower spatial density.
Another alternative is to use a fibre with a single core, but which is capable of supporting more than one transverse mode for light propagation [35] . Standard telecommunication multi-mode optical fibres (MMFs) are actually not very useful in this regard since they support many propagation modes requiring MIMO detection systems with extremely high complexities [31] . Recently, significant progress has been achieved using fibres that only support a few linearly polarised (LP) transverse modes of propagation (typically 3 or 6), the so-called few-mode fibres (FMFs) [36] . The main difference with an SMF is a larger core area, and borrowing from MMF technology, parabolic refractive index profiles can be used to minimise mode group velocity dispersion (Fig. 1b) . With only a few modes present intermodal crosstalk is limited and thus MIMO decoding is feasible. Significant progress has been made recently, combining MCFs with FMFs technology, yielding fibres with multiple cores where each core can support a few modes (FM-MCFs, see Fig. 1a ) [37] . Due to an increased spatial channel density, these fibres can greatly increase the transmission capacity [38] . Finally, owing to their multi-core nature, and due to the fact that the higher-order modes have a larger mode field diameter (MFD) than the fundamental LP 01 mode, lower refractive index trenches are also employed to minimise cross-talk from adjacent cores [37, 38] .
Another strategy for spatial multiplexing of data channels has been the use of transverse optical modes carrying orbital angular momentum (OAM) [39] . A Laguerre-Gaussian beam carries discrete orbital orthogonal angular momentum modes characterised by an integer l, called the topological charge. Each associated photon carries an OAM of l , where is Planck's constant divided by 2π [40] . Recently, OAM-encoded beams have been used for spatial multiplexing and to demonstrate the possibility of Tbit/s data rates over free-space links [41] . Following that, demonstrations of the transmission of these beams over optical fibres with high-index ring refractive index profiles were reported [42] , thus expanding the toolbox of such optical modes towards fibre communications. These fibres are usually referred to as ring-or air-core fibres [43, 44] , due to their characteristic high refractive-index ring profile (Fig.  1b) .
B. Multiplexers and demultiplexers
Multiplexers and demultiplexers (also typically called fan-in and fan-out devices respectively) are employed to combine and split different data streams into corresponding spatial channels in an SDM fibre. Here we shall only focus on passive components that can already be implemented directly integrated within the fibres or through photonic chips (i.e. without resorting to bulk optical elements). In common, they all take N independent single-mode input fibres, and map them onto a particular mode on the SDM fibre. For MCFs, mux/demuxes can be directly constructed using integrated waveguides written three-dimensionally onto silica chips using ultrafast laser writing [45] . The appropriate fibres are then connected to the chip. Alternatively, discrete components (based on fibre bundles or compact lenses for example) may be used [46, 47] . For FMFs, devices called photonic lanterns are normally used [48] , where the input single-mode fibres are tapered together (in parallel) ending in a multi-mode fibre at the other end. If the single-mode fibres have slightly different sized cores, then a mode-selective lantern can be built [49] , yielding considerably better mode excitation/separation than using identical single-mode inputs/outputs. Recently, lanterns built onto integrated photonic chips have also been developed, allowing better integration possibilities [50] . For OAM-carrying optical modes, there are demultiplexers, typically called mode sorters, and they have been done mostly using bulk optic components/active elements [51] . Recently, significant progress has been made towards all-fibre OAM sorters, thus making possible the use of compact and passive multiplexing elements for OAM carrying optical modes as well [52] . Finally, fan-in/fan-out units for FM-MCF fibres can also be constructed in integrated photonics chips resorting to the 3D-femtosecond laser writing technique and integrated lanterns [53] .
The previously mentioned SDM technologies can already be used to support a "hybrid internet", where quantum and classical communication systems co-exist (Fig. 1c) . Here, as an example, one party (Alice) wishes to send information encoded on single-photons to a remote party (Bob). Specifically they both have quantum nodes (QNs), which might be a quantum computer or a QKD terminal. The single-photons are to be transmitted using the telecommunication fibre-optical infrastructure, where classical data streams will be simultaneously transmitted to maximise the use of the available infrastructure. This is represented by IXPs (internet exchange points), where several local data streams are aggregated for transmission over a high-capacity optical link to another IXP for delivery. Two routes are possible in this example for Alice's single-photons to reach Bob: (i) the blue clockwise direction going through an intermediate node with a reconfigurable add and drop multiplexer (ROADM), where one of the classical core channels is dropped to the intermediate IXP, and a new one is added towards the IXP at Bob. The rest of the traffic (both quantum and classical) is forwarded to Bob. The counter-clockwise route (ii) is used by the QNs and it consists of a link enhanced by quantum repeaters [9] (a simplified version is shown where a single entangled photon pair is shared across the link). Here, one of the modes (LP 11a ) is used by the entangled photons (blue from the entanglement source to Alice, and red to Bob), while the LP 11b mode is used for the classical channel from Alice to Bob for synchronisation and communication information required by quantum repeater protocols. Additional wavelength separation may be used to avoid cross-mode contamination. The two links employ different SDM technologies, as the blue one is based on MCFs (with 2 cores used by the QNs, and 3 by the IXPs), while the salmon one is deployed with FMFs. This illustrates a possible case in network channel allocation, where routes are dynamically assigned depending on availability. For this to be feasible, the network must be transparent in terms of the employed SDM technology.
II. QUANTUM INFORMATION WITH SDM FIBRES
A. High-dimensional quantum key distribution over SDM fibres
Many fundamental and applied tasks in quantum information benefit when d-dimensional (d > 2) quantum systems (qudits) are employed [54] [55] [56] . One popular realisation for high-dimensional photonic quantum information processing is path encoding [19-21, 23, 27, 56, 57] . A d-dimensional path-encoded qudit has the general form |ψ = A direct advantage gained in quantum communication when using qudits is increasing the transmission rate of QKD systems [58] , due to the fact that we can encode log 2 d bits onto an d-dimensional quantum state. This is a similar approach to what has always been done to increase the number of bits sent per symbol in classical communication systems. This technique is particularly useful, when it becomes too resource-intensive to simply increase the transmission rate by employing faster modulation and demodulation/detection opto-electronic devices. It then aims for a different approach, which takes advantage of extra dimensions [59] .
QKD's goal is to generate a shared secret string of bits (a key) between spatially separated parties (usually referred to as Alice and Bob) through the transmission of properly encoded single-photons [5] . Current experiments in optical fibres can reach distances over 400 kms [60] , and generate a few Mbit/s of final sifted key rate over metropolitan distances [61] . The security of QKD relies on the simple fact that an unknown quantum system cannot be faithfully cloned [3] , and this is explored in the well known BB84 protocol [4] . Alice chooses randomly a quantum state to be transmitted and Bob does a random measurement on it, while recording the result. After many such rounds, Alice and Bob perform classical reconciliation and post-processing procedures to distill a shared secret key. Many factors affect the key generation rate, from the channel losses, the optical quality of the setup to the physical specifications of the detectors.
BB84-based proof-of-principle high-dimensional quantum key distribution (HD-QKD) experiments was already performed many years ago relying on the linear transverse momentum (LTM) of single-photons [62] . The two employed bases consisted of imaging and Fourier optical systems (by changing the appropriate lenses). The main limitation of this scheme is that the states had to be manually prepared and measured by changing the lenses and moving pinholes. An important next step occurred when spatial light modulators (SLMs) were used, capable of dynamically generating sets of parallel slits, which allowed the encoding of a high-dimensional qudit onto a single-photon propagating through these slits [63, 64] . This was then combined with synchronised FPGA (Field Programmable Gate Array) electronics to perform the first automated BB84 session in higher-dimensions using attenuated optical pulses [65] . Here a QKD session using path-encoded 16-dimensional quantum states was realised by dynamically using the SLMs to prepare and measure the states, allowing 4 bits to be sent in each round. On the other hand, there has been considerable effort to implement HD-QKD using OAM encoding strategies through free-space [66] , which was also later done with a fully automated setup [67] and even over free-space intra-city channels [68] .
The major challenge of transmitting quantum systems encoded onto transverse optical modes through optical fibres remained. Some efforts had been done a few years ago using a 30-cm-long photonic crystal fibre [69] , which are unfortunately not practical for long-distance propagation. The parallel development of SDM fibres came to change this paradigm, since spatial-mode-supporting fibres became widely available at a reasonable cost. Two experiments performed simultaneously kick-started this trend. In the first (Fig. 2a [70] ) a 300-m-long four-core fibre was used to perform a HD-QKD session using deformable mirrors as the phase modulators, yielding improvements over the previous efforts with SLMs [65] . This result is the longest distance ever reported for the transmission of path-qudit states, showing that MCFs can be used for high-fidelity propagation over distances of practical interest. The other experiment also showed a successful HD-QKD session using a 4-core fibre, but with Alice and Bob's hardware fully implemented on integrated silicon photonics circuits [71] (Fig. 2b) . Thermal elements on the chip were employed to perform active modulation. Both experiments also carried out rigorous security analyses showing that much longer distances could be achieved while still being capable of positive secret key rates. It was also shown that MCFs can PHYSICAL REVIEW A 96, 022317 (2017) ed QKD over a single HD-QKD is still in Nonetheless, it is in elevant. It proves the lity high-dimensional sverse momentum of for future research on tum cryptography. As nd Appendix C, there n solid-state devices shall allow for much mes in the near future.
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The attenuated pulses are used by Alice to encode the required high-dimensional quantum states. For this purpose they are initially coupled into a 10-m-long multicore fiber (MCF1), composed of four single-mode cores, by means of a 10× objective lens (L1) [See Figs. 1(a) and 1(b)]. The core mode field diameter is 8.5 µm and the cores are separated by d = 36.25 µm to ensure that cross-talk effects are negligible. All cores of the fiber are equally illuminated. Thus, the probability amplitudes for the photon transmission by each core are equally weighted. Contrary to standard fiber arrays, the cores of multicore fibers lie within the same cladding, ensuring that random phase-fluctuations induced by thermal and mechanical stress are strongly suppressed. Therefore, the state of the photons transmitted over the MCF1 is a coherent superposition given by | ⟩ = iφl |l⟩, where |l⟩ denotes the state of the photon transmitted by the lth transverse core mode, and φ l is the relative phase acquired during the propagation over the lth core. This is the fiducial state which is then used to prepare the required ones for the four-dimensional BB84 QKD session. This is done by imaging the output face of MCF1 onto a deformable mirror (DM1) by means of a second 10× objective lens (L2). The 10× magnification factor is chosen such that the image of each
We can easily prove that the set M0, M1, M2 satisfies the mutually unbiased assumption, |〈M0|M1〉| 2 = |〈M0|M2〉| 2 = |〈M1| M2〉| 2 = 1/4. Physically, |A〉, |B〉, |C〉, and |D〉 represent the quantum states related to the four individual cores of a multi-core fiber, as shown in the inset of Fig. 1a .
bit/pulse that Alice and Bob can establish as useful key. A general formula for the standard protocols can be written as:
where IAB represents the classical mutual information between Alice and Bob (IXY = H(X)−H(X|Y)), and the marginal entropy is defined as H X ð Þ ¼ P x2X p x ð Þlog p x ð Þ. The right term of Eq. (3), min(IAE and IBE), is related to the quantum mutual information between Alice and Eve or Bob and Eve. In the following analysis we consider only the mutual information between Alice and Eve, but a more complete analysis can be done: in this way the secret key rate value is estimated with a lower bound. Furthermore, we work under the assumption of trusted-device scenario, in which Eve cannot modify the efficiency of Bobs detectors. In case of ququart QKD system the final secret key rate formula must be adapted. The mutual information between Alice and Bob is:
where N is the dimension of the Hilbert space and F = 1−D represents the fidelity of Bob. D is defined as the disturbance in the communication link. In order to extract a bound on the final secret key rate, we should define the best strategy for Eve. In the following analysis we consider two different kinds of Eve's strategy. Individual attacks (IAs), where Eve monitors the ququarts independently from each other, and coherent attacks (CAs). CAs instead are less conservative on Eve's strategy, in fact she can izations, respectively. In the case of this vortex fiber, the states with the same handedness, fj1i1, j − 1i−1g, are degenerate in time with each other, i.e., possess identical group velocities in the fiber, but non-degenerate with states of opposite handedness j1i−1, j − 1i1, and the other fundamental modes of the fiber [29] . Therefore, we take advantage of the states with the same handedness for QKD protocols with this vortex fiber. In particular, for the BB84 protocol, we form two mutually unbiased bases (MUBs), i.e., no information is gained about the states in one basis by making measurements in the other basis, using the aforementioned states, M0 fj1i1, j − 1i−1g, and
g. This Letter provides a proof-of-concept test that it is feasible to use structured photons, as qubits, through vortex fiber quantum channels which, in principle, can be extended to higher dimensions.
In our experiment (see Fig. 1 ), we generate heralded single photons via spontaneous parametric downconversion using a
In the preparation stage, Alice prepares the signal photon into a state from either M0 or M1 using a sequence of wave plates and a patterned liquid crystal device known as a q-plate, where q l∕2 is the topological charge of the liquid crystals. Such a device coherently couples SAM to OAM [30, 31] . To generate structured photons with jlj 1, a q 1∕2 plate is utilized, which naturally produces states with the opposite handedness; a half-wave plate is placed after the q-plate to create states with the same handedness, such as in M0 and M1. The theoretical phase and polarization distributions of each state are displayed in Fig. 2(a) . We note that the modes in MUB M0 possess uniformly circular polarization distributions, whereas the superposition MUB M1 consists of spatially varying polarization distributions of only linear polarizations, i.e., structured modes of light. In order to compensate for birefringent coupling induced by the fiber, a set of compensation wave plates [29, 32] (not shown in Fig. 1 ), consisting of two Fig. 1 . Sketch of the experimental setup. Non-degenerate photon pairs (signal λs 775 nm, idler λi 850 nm) are produced by spontaneous parametric downconversion from a 5 mm long ppKTP crystal pumped by a 200 mW 405 nm pump diode laser; they are then split on a dichroic mirror (DM). Alice prepares the heralded single photon in a particular quantum state with a sequence of wave plates and a q 1∕2 plate (QP), and then sends it to Bob through the vortex fiber (quantum channel). Bob performs a particular measurement with a reverse sequence of wave plates and q 1∕2 plate, recording a coincidence event between the result (D2) and the heralding trigger photon (D1). H, half-wave plate; Q, quarter-wave plate; LP, long-pass filter; PBS, polarizing beam splitter.
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FIG. 2:
Key experimental demonstrations of QKD with SDM fibre. a) 300-m-long HD-QKD session using path-encoding with a 4-core fibre. Reprinted with permission from [70] . b) HD-QKD session with path-encoded states based on integrated silicon photonic circuits using 4-cores in a 3-m-long fibre. Reprinted with permission from [71] . c) Proof-of-principle QKD demonstration using 2-dimensional OAM states through a 60 m vortex (ring-core) fibre. Reprinted with permission from [73] , [OSA] . d) HD-QKD demonstration using hybrid OAM/polarization states through 1.2 km air-core fibre. Reprinted with permission from [74] .
be used to deliver keys in parallel choosing separate sets of cores [72] . More recently, ring-core-type fibres have also been employed for remote QKD sessions using OAM encoded qudits. The first one (Fig. 2c) was actually done in a 2-dimensional space over a 60 m vortex fibre with no active state preparation [73] , while the second one (Fig. 2d) employed hybrid polarisation/OAM states to perform an HD-QKD session using ququarts over 1.2 km-long air-core fibre [74] .
B. Entanglement distribution
The successful distribution of photonic entanglement over long optical fibres is an important operational toolbox in quantum information. Many experiments have been performed using different degrees of freedom of a singlephoton over optical fibres, mainly using polarisation [75] [76] [77] [78] and energy-time/time-bin [79] [80] [81] [82] . For many years the distribution of spatial entanglement (i.e., entanglement between quantum systems encoded in terms of the transverse optical modes of light) over optical fibres has been out of reach. This has been mainly due to the fact that (i) singlemode fibres, by their very nature, do not support more than one spatial mode; and (ii) mode coupling scrambles the multi-mode spatial state during propagation. Nevertheless, significant progress has been made recently using both custom-made and standard commercially available optical fibres. In common, all experiments employ fibres that support only a few spatial modes, in order to minimize significant mode coupling.
The first experiment to be able to propagate spatially entangled photons employed a 30-cm long hollow-core photonic crystal fibre to transmit one of the photons of the pair, while successfully measuring a Bell inequality violation over the pair of qubits [69] . This was an important first step demonstrating the feasibility of distributing spatially entangled states, but the use of specialty fibres hampers practical use. This was improved upon with standard polarisation maintaining fibres that were used as FMFs (by working with single-photons at 810 nm), and then two of the three possible linearly polarised modes in the fibre were used for each single-photon of the pair (LP 01 and the even LP 11 mode) [83] .
Nevertheless, one immediate advantage of resorting to spatial entanglement is the possibility of reaching higherdimensional Hilbert spaces. When combined with fibre propagation, this allows the execution of more interesting Fig. 1(a) . The brightness and phase of each spot eventually determine the complex coefficient of the corresponding component of the final entangled state. The brightness is controlled by varying the arc angles of the pump beam slices to adjust the relative focused beam powers. The phase is controlled by shifting the grating pattern to the phase gradient direction. Because all the spots share the optical components, the relative phases between the spots are inherently stable, which is critical for maintaining coherence and is not straightforward for multisource schemes.
The maximum number of spots with this scheme can be estimated to be the cross-section area of the SPDC crystal divided by the minimum beam spot area to guarantee a Rayleigh range longer than the crystal length. The end faces of two MCFs (Fibercore SM-4C1550, length of 50 cm, NA of 0.14-0.17, mode field diameter of 7.4-8.5 μm, and single-mode cores at the vertices of a centered 37 μm × 37 μm square) are imaged onto the PPLN crystal to capture the downconverted photons with a center wavelength of 1550 nm. The four core images coincide with the pump beam spots that are aligned with the vertices of a centered square of 185 μm × 185 μm at the crystal. Figure 1(b) shows the lens configuration to ensure parallel propagation of all the beams inside the crystal. The pump laser incident on SLM0 has a 1∕e 2 diameter of 1.3 mm. The distance L (250 mm) is chosen such that the centroids of the four sliced Gaussian beams from SLM0 overlap at the back focal plane of Lp considering the beam propagation angles. Each optical path of the downconverted photons includes a 4f configuration (L2 and L3) that relays images between the focal planes of L1 and Lf , as shown in Fig. 1(b) . In the real implementation, the distance between L1 and L2 was 130 mm larger than the design length (150 mm); therefore, the four core images propagate with a slight tilt angle (3.0 mrad) toward the optic axis inside the PPLN crystal.
The length of the MCF is practically limited by decoherence between the core modes due to the intercore differential group delay (DGD). We note that the coherence of this entangled state based on a continuous-wave-pumped SPDC can be maintained even when the cores are different only if the two MCFs are identical, and the same cores of the two MCFs are aligned to coincide within the images at the crystal [11] . However, the current MCF shows inhomogeneity along the fiber length, which hinders complete entanglement protection by geometric alignment or DGD compensation by core permutation through sequential offset splicings as in Ref. [28] . Therefore, the accumulated inhomogeneous DGD has to be kept smaller than the coherence length of photons. Development of entangled photon pair sources with a narrower bandwidth can increase the usable fiber length, possibly up to several hundreds In our work, we experimentally determine the intermodal dispersion (see METHOD) and devise a setup to introduce reverse dispersion to pre-compensate it before entering the 1-km fiber. The precompensation module is comprised of two cascaded interferometers and a locking system. The former interferometer is an OAM sorter which serves as a parity check to convert the different OAM to polarization according to their topological charge`. W e redesign the traditional Mac hZehnder OAM interferometer [57] into Sagnac interferometer for a more robust phase stability. A half wave plate (HWP) is used to rotate polarization of signal photon into (|Hi + |V i) / p 2 before entering the OAM sorter. Then OAM modes with odd topological charge`= ±1 are converted to horizontal polarization and the even one (`= 0) to vertical. In the following unequal-arm MachZehnder interferometer they are separated into different paths so we can manipulate them individually. The OAM modes with`= ±1 will enter the short arm and`= 0 will enter the U-shaped long arm. To precompensate the intermodal dispersion which will occur in the OAM fiber, a dove prism in the U-shaped arm is mounted on a translation stage for arm-length tuning. Furthermore, to stabilize relative phase in the entangled state, a phase-locking system is applied to the latter Mach-Zehnder interferometer (depicted in Fig. 3 ). After the two cascaded interferometers, we recombine the different LG modes and erase the polarization degree of freedom by a half wave plate (HWP) and a polarizing beam spliter (PBS). This setting has advantages of not only erasing the polarization but also concentrating the three-dimensional entangled state, as we can vary the transmittance of`= ±1 and`= 0 so as to make the spiral spectrum of OAM entanglement state more flatten.
Subsequently, the signal photon is coupled into a 1 km long home-designed OAM fiber (see supplementary material for fiber details), which supports OAM modes with`= 0, ±1, ±2. It is noteworthy that the mode matching in this fiber must be done with very high precision. There exists plenty of eigenmodes supported by OAM fiber. Analogous to coherent mode detection, the transmission of OAM states relies on the axis- dependent   FIG. 3 : High-dimensional distribution of spatially entangled states through optical fibres. a) Bell inequality test over 4-core fibres. Reprinted with permission from [85] . b) Distribution of 3-dimensional OAM entanglement over a 1 km long few-mode fibre. Reprinted with permission from [87] .
high-dimensional quantum information tasks, where physical separation between parties who do not share line-ofsight is no longer a restriction. Going in this direction more recent experiments have taken direct advantage of the possibilities allowed by newly developed SDM hardware. In [84] , 4-dimensional spatial entanglement has been distributed over short-distances (30 cm) 4-core fibres. Entanglement was verified through quantum state tomography, and this was later expanded to a Bell inequality test [85] (Fig. 3a) . Another experiment taking direct advantage of SDM fibres was [86] , where a 1 km-long FMF was used to test if polarisation and time-bin entanglement can be propagated through the different modes.
Very recent progress has also shown the propagation of OAM entangled quantum states over optical fibres. One of the photons of a 3-dimensional OAM entangled state was successfully propagated over a 1 km step-index fibre [87] , supporting up to 6 LP modes (Fig. 3b) . The employed fibre required careful alignment of the input axis in order to properly excite and later decode the OAM modes. This experiment also featured compensation of modal dispersion, which is necessary as the fibre length increases, even more so for entangled states produced by down-conversion processes, due to the typical low temporal coherence involved. Another experiment started with a polarisationentangled photon pair, where one of the photons gets further encoded with a superposition of OAM modes (vector vortex mode) to generate hybrid three-qubit entanglement [88] . The hybrid-encoded photon is transmitted through a 5 m-long air-core fibre, showing that hybrid high-dimensional entanglement can be propagated over SDM fibres. Then, another experiment demonstrated hybrid OAM/polarisation entanglement with one of the photons propagated through 250 m of single-mode telecom fibre, which works as a FMF at the working wavelength in the experiment of 810 nm [89] . The main drawback here is the much greater attenuation (> 2 dB/km) when compared to working with standard SDM FMF fibres at telecom wavelengths.
III. INTEGRATION WITH CLASSICAL TELECOMMUNICATION OPTICAL NETWORKS
Compatibility with optical networks is a major driving force for the widespread deployment of quantum communication [90, 91] . The next logical step is to ensure compatibility of quantum communication systems with the next-generation SDM optical networks. A first proof-of-principle experiment (over a short distance of 2 m) has shown that spatial multiplexing of a classical and a quantum channel is possible on a few-mode fibre [92] . Then a compatibility experiment between QKD and classical data co-existing in the same fibre using separate cores over a MCF was carried out [93] . The centre core was reserved for the QKD channel, while the side cores were pairwise-filled with 10 Gbit/s data streams from opposite directions. A 7-core fibre was employed with a relatively high core-to-core distance (47µm), such that inter-core crosstalk was rather low at -60 dB and -80 dB at the forward and backwards propagation directly. Nevertheless this crosstalk was still high enough to ensure that the quantum and classical channels could not share the same wavelengths on separate cores (Fig. 4a) . If these limitations are taken into account, co-existence between quantum and classical signals in the same fibre is possible, as with single-mode fibres. A follow-up study characterised the difference in impact between trench-assisted and non-trench-assisted (TA-and NT-respectively) MCFs [94] , while having the same core-to-core distance in both fibres (41.1 µm). All cores were simultaneously loaded with high speed traffic (112 Gbit/s), at different wavelengths. NT-MCFs are interesting to be studied for compatibility, since they allow a higher core density due to the absence of lower refractive index trenches surrounding the cores. The results showed that compatibility is also possible, with a larger penalty imposed by the classical channels on the communication signals. The quantum signal is transmitted on the DWDM grid with a wavelength of 1547.72 nm while all classical signals are transmitted at other wavelengths. This arrangement allows rejection of the intercore leakage into the quantum channel using a standard DWDM filter of 0.4 nm passband located in the quantum receiver. A pair of 10 Gb/s data channels, with 0 dBm power each launched into separate cores from opposite directions, are assigned at the wavelength of 1552.72 nm.
The quantum channel has a total loss of 14.1 dB, consisting of 12.4 dB due to the MCF, 1.1 dB loss at the optical fanout and 0.6 dB at the DWDM filter. 
Results and discussion
We operate the QKD system over the central core of the MCF while bi-directional 10Gb/s classical signals are transmitted simultaneously through two of the six outer cores. A bit-error tester is used to monitor the data communication. It typically does not record a single error during the experiments. Figure 4 plots the secure key rate and quantum bit error rate (QBER) over a 24 hour period. These values are obtained through real-time data-processing, including error correction and privacy amplification, on a sifted block size of 1 × 10 8 bits. The block size is sufficiently large to achieve 85% of the asymptotic secure key rate [26] . Each data block is collected over a session time of about 36 seconds with a sifted bit rate of ~2.7 Mb/s. Wavelength channel allocation in a multi-core fibre. A wavelength is assigned to the QKD channel (in the centre core for example, shown in orange), and has to be kept free in the adjacent cores (shaded blue) to prevent in-band inter-core crosstalk [93] [94] [95] [96] . The other wavelengths in each core may be assigned to data channels. b) Spontaneous Raman scattering (SRS) generated when a classical channel is present in the same core can contaminate a QKD channel. Following propagation through the core of an MCF, SRS photons are produced from a classical channel (pump) over a broad wavelength range, eventually becoming strong noise to the QKD channel band. After the receiver's filtering stage, the SRS photons are detected as an increase in the dark counts of the QKD system, lowering the generated secret key rate. c) Experiment demonstrating co-existence of QKD and classical data over an MCF. Reprinted with permission from [93] [OSA]. d) Experimental demonstration of SRS over all cores of NT-and TA-MCFs. Reprinted with permission from [100] . e) Co-existence experiment of CV-QKD and classical channels over an MCF. Reprinted with permission from [97] .
NT-MCF, as expected due to the higher cross-talk.
Recently, improved classical channel data rates has been achieved over a 7-core fibre while simultaneously allocating the center core to a QKD channel [95] . Other works have also studied the use of a dedicated side-core for QKD while having neighbouring cores filled with classical data [96] , the inter-core crosstalk produced from classical channels on MCFs affecting continuous variable (CV) QKD systems [97] and performed detailed modelling on SDM-QKD integration [98] . Finally, a major increase in key generation rate has been achieved by sending out parallel keys over 37 cores of a MCF, while also propagating a 10Gbit/s data stream within each core, wavelength-multiplexed with the QKD channel [99] . One important limitation for co-existence is spontaneous Raman scattering (SRS), where photons from classical channels are inelastically scattered over a broad wavelength range [90] . Even if the cross-talk produced from in-band photons can be fully removed (with high-quality filtering for instance), SRS photons will eventually be scattered back to the QKD channel band over the fibre link (Fig. 4b) . Therefore, the overall system design needs to take this issue into account [91] . Recently, SRS has been demonstrated for the first time in each core of an MCF [100] , indicating as expected the same limitations when simultaneously propagating quantum and classical signals in the same core of an MCF. Table I lists relevant quantum information experiments using SDM fibres.
IV. OUTLOOK AND OPEN CHALLENGES
There has been a rapid acceptance of SDM fibres and devices by the quantum information community with promising results reported so far. On the one hand the ability of these fibres to successfully manipulate and propagate highdimensional quantum states over long distances has proven very fruitful for quantum information processing. On the other hand, their use for a number of QI protocols will ease the integration of both quantum and classical network systems based on the SDM optical fibre infrastructure. TABLE I: Quantum information experiments using SDM fibres. Telecom integration refers to experiments aimed at characterising the impact of classical data channels on a quantum channel over SDM fibres. The clock rate refers to the repetition rates where active modulation was employed in the experiment. HD stands for high-dimensional, meaning that more than 2 dimensional systems were used, and DOF for degree-of-freesom. MDI-QRNG stands for measurement device-independent quantum random number generation. ** means "not applicable" or no explicit information available.
Nevertheless, many challenges await that the community needs to handle to ensure that experiments based on SDM technology yield better results. Multi-core fibres have shown good promise for long-distance propagation and ease of integration with photonic circuits. Furthermore, high-quality devices can be built directly in the fibre itself [101] . Next it is important to see if they can support propagation distances for high-dimensional states that is comparable to single-mode fibres (i.e. hundreds of kms). They also need to be validated for states of even higher dimensionality, by employing a fibre with a higher core number, such as 7 or 19. Regarding telecom compatibility, it is important to verify more stringent limits such as noise produced from non-linear effects such as Raman scattering and four-wave mixing produced from classical channels in different wavelengths from different cores.
Although ring-core and even step-index fibres have also proved fruitful for OAM propagation, further experiments need to be carried out to verify their support for high-dimensions (only one experiment managed to go further than OAM qubits, and even then only OAM qutrits were employed [87] ). This is worth pursuing since experiments in classical communications show that several modes can be simultaneously supported [102, 103] , although MIMO detection was still required, so better mode isolation will be needed for QC experiments. By far most OAM based experiments have resorted to bulk-optics-based mode sorters, although recent results open up a new path towards integration for OAM [28, 52] . FMFs also need to be studied in this regard, to verify their ability to coherently propagate superpositions of linearly polarised modes over long distances. The successful use of FMFs would open a direct path towards the transmission of much higher dimensional states, since they can be directly combined with MCFs. For instance, a fibre with 36 cores where each core supports the three lowest order LP modes, yielding a possible 108-dimensional space, has been demonstrated [104] .
An important challenge to be tackled comes from the modal dispersion. This problem is even more critical for entangled states due to their short coherence time. This has been tackled by pre-compensating the mode delay before transmission in the optical fibre [74, 87] . Further efforts need to be carried out to demonstrate feasibility over much longer distances, as well as ability to cover compensation for a wide range of modes, aiming at high-dimensionality.
It is quite fortunate that the technological developments that are sustaining the growth of communication networks can be directly applied for quantum information technologies. This has been the case since the dawn of photonic quantum information, and will continue to be so. We have highlighted here the key developments in the nascent intersection of SDM and quantum information, with already many experiments having been able to directly benefit from SDM. We envisage that (i) integration between SDM networks and quantum information systems will be inevitable, and (ii) SDM offers the hardware to support efficient, high-fidelity, high-dimensional quantum information processing, which will be a major cornerstone of future developments in quantum technologies.
